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A brief review is given of the implications of a 126 GeV Higgs boson for the discovery of su¬ 
persymmetry. Thus a 126 GeV Higgs boson is problematic within the Standard Model because of 
vacuum instability pointing to new physics beyond the Standard Model. The problem of vacuum 
stability is overcome in the SUGRA GUT model but the 126 GeV Higgs mass implies that the aver¬ 
age SUSY scale lies in the several TeV region. The largeness of the SUSY scale relieves the tension 
on SUGRA models since it helps suppress flavor changing neutral currents and CP violating effects 
and also helps in extending the proton life time arising from baryon and lepton number violating 
dimension five operators. The geometry of radiative breaking of the electroweak symmetry and fine 
tuning in view of the large SUSY scale are analyzed.Consistency with the Brookhaven g^ — 2 result 
is discussed. It is also shown that a large SUSY scale implied by the 126 GeV Higgs boson mass 
allows for light gauginos (gluino, charginos, neutralinos) and sleptons. These along with the lighter 
third generation squarks are the prime candidates for discovery at RUN II of the LHC. Implication 
of the 126 GeV Higgs boson for the direct search for dark matter is discussed. Also discussed are 
the sparticles mass hierarchies and their relationship with the simplified models under the Higgs 
boson mass constraint. 


In 2012 the Large Hadron Collider (LHC) made a 
landmark discovery of a new boson. Thus the CMS and 
ATLAS collaborations discovered a boson with a mass 
of ~ 126 GeV [H-g]. It is now confirmed that this newly 
discovered particle is the long sought after Higgs boson 
[Ms] which plays a central role in the breaking of the 
electroweak symmetry. While the observed particle is 
the last missing piece of the Standard Model there are 
strong indications that at the same time its discovery 
portends discovery of a new realm of physics specifically 
supersymmetry. Below we elaborate on this theme in 
further detail. 


the large SUSY scale implied by the Higgs boson mass. 
The sparticle landscape is an important indicator of the 
underlying fundamental theory and in Section [Vi] we dis¬ 
cuss the sparticle landscape after the Higgs boson dis¬ 
covery. The connection of this landscape to the so called 
simplified models is also discussed. The implications of 
the Higgs boson mass at 126 on the search for dark mat¬ 
ter in direct detection is discussed in Section lyTTl Future 


prospects are discussed in Section VHI 


I. HIGGS BOSON AND NEW PHYSICS 


The outline of the rest of the paper is as follows: In 
Section |T] we discuss the status of the Higgs boson in 
the Standard Model, the issue of vacuum instability and 
the need for new physics beyond the Standard Model. 
In Section [H] we consider the implications of a 126 GeV 
Higgs boson within the framework of supersymmetry and 
specifically in the framework of supergravity unified mod¬ 
els. As is well known a 126 GeV Higgs boson within su¬ 
persymmetry leads to a high SUSY scale M s with M s ly¬ 
ing in the TeV region. On the other hand the Brookhaven 
g^ — 2 experiment §5] shows a 3er deviation from the Stan¬ 
dard Model prediction cornu. An effect of this size re¬ 
quires that the average scale of sparticle masses entering 
the loops in the supersymmetric electroweak correction 
to g fl — 2 be low, i..e, 0(100) GeV. Assuming the 3<r effect 
is robust we discuss in Section m how to reconcile the 
high SUSY scale that is indicated by the 126 GeV Higgs 
boson mass with the low SUSY scale indicated by the 
Brookhaven experiment. In Section IV we discuss the 
implications of the Higgs boson mass and the geometry 
of radiative electroweak symmetry breaking (REWSB). 
In Section [V] we discuss the issue of fine tuning in view of 
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Within the Standard Model a Higgs boson mass of 
~ 126 GeV is problematic. Thus renormalization group 
analyses show that vacuum stability up to the Planck 
scale can be excluded at the 2er level for the Standard 
Model for Mh < 126 GeV [T2] as illustrated in Fig. [l] 
Here one finds that the quartic Higgs boson coupling 
within the Standard Model turns negative at a scale 
around 10 11 GeV making the vacuum unstable m- 
However, as exhibited in Fig. [I] the result is rather sen¬ 
sitive to the mass of the top quark (see also [13]). Thus 
lower values of the top mass tend to stabilize the vacuum 
while the higher values tend to destabilize it. The cur¬ 
rent value of the top. i.e., M t = 173.21 ±0.51 ±0.71 GeV 
suggests vacuum instability. Thus the discovery of ~ 126 
GeV Higgs boson suggests the need for new physics be¬ 
yond the Standard Model. Such new physics could be 
supersymmetry and from here on we focus on this possi¬ 
bility. 


II. 126 GEV HIGGS BOSON WITHIN SUSY 

In contrast to the case of the Standard Model, in su¬ 
pergravity unified models (SUGRA GUT) with the min¬ 
imal supersymmetric standard model (MSSM) particle 
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spectrum vacuum stability can be achieved up to high 
scales with color and charge conservation (for a recent 
analysis of vacuum stability after the Higgs boson discov¬ 
ery see mi)- However, in MSSM the lightest CP even 
Higgs boson has a mass which lies below Mz [Tol4T5] 
and a loop correction is needed to pull its mass above 
Mz [T3H25] . Now the experimentally observed Higgs 
mass of ~ 126 GeV requires a large loop correction and 
correspondingly a high SUSY scale lying in the several 
TeV region [241430] . In fact the observed Higgs mass is 
close to the upper limit predicted in grand unified su¬ 
pergravity models EMI which predict an upper limit 
of around 130 GeV [211 [23 I35143H] (For recent reviews of 
Higgs and supersymmetry see [40l 01] ). It is possible to 
reduce the SUSY scale by including extra matter or from 
D term contributions from an extra U (1) sector (see, e.g., 
[42] and the references therein). However, we will focus 
on the implications of the 126 GeV Higgs boson mass 
within the MSSM framework. Here it is instructive to 
ask if the Higgs boson mass measurement can shed some 
light on merits of the various supersymmetry breaking 
mechanisms. A relative comparison is given in Fig. [2] 
and Fig. [3] Specifically, the rnSUGRA analysis of Fig. [2] 
and Fig. [3] uses universal boundary conditions of super¬ 
gravity models which are parametrized by the following 
set: 


m 0 ,m 1 / 2 , A 0 ,tan/?,sign(/z). (1) 



FIG. 1. RG evolution of the quartic coupling A in the Stan¬ 
dard Model varying Mt, Mh and a s by ±3<r. From m- 
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Here mo is the universal scalar mass, m 1( / 2 is the univer¬ 
sal gaugino mass, Aq is the universal trilinear coupling all 
at the grand unification scale, tan /3 =< H 2 > / < Hi > 
where H 2 gives mass to the up quarks and Hi gives 
mass to the down quarks and the leptons and /i 
is the Higgs mixing parameter that appears in the 
superpotential in the form p iHiH 2 . The analysis of 
Fig. [2] and Fig. [3] shows that a loop correction of 
the amount needed to pull the tree level value up to 
what is experimentally observed is easily achieved in 
rnSUGRA. Further, a detailed analyses indicates that a 
sizable A 0 is helpful in generating a large loop correction. 

Since a large higgs boson mass implies a large SUSY 
scale it helps suppression of FCNC processes such 
as b —► sy 03] 00] and B s —> /r + /i~. Specifically 
it explains why no deviations in B s —> from 

the Standard Model result has been seen. Thus the 
LHCb collaboration [45] determines the branching ratio 
Br ( B 9 —► /r + /i“) = (3. 2 +^ 2 ) x 10 -9 , which is in excel¬ 
lent agreement with the Standard Model, which implies 
that the supersymmetric contribution pTHIPHTl to this 
decay be very small. We note that the supersymmetric 
contribution to this decay is mediated by the neutral 
Higgs bosons and involve a flavor-changing scalar quark 
loop. It is also sensitive to CP violation [501151] , If the 
SUSY scale is large, the flavor-changing squark loop is 
suppressed. Further, the supersymmetric contribution 
is proportional to tan 6 /3 and large values of tan/I, 


FIG. 2. The maximal Higgs mass in the constrained MSSM 
models rnSUGRA, mGMSB and mAMSB (where mGMSM is 
the minimal gauge mediated symmetry breaking model and 
mAMSB is the minimal anomaly mediated symmetry break¬ 
ing model) as a function of the SUSY scale M a when the top 
quark mass is varied in the range Mt. = 170-176 GeV.From 
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FIG. 3. The maximal Higgs mass as a function of tan (5 in 
mGMSB, mAMSB, and rnSUGRA and some of its variants. 
The top quark mass is fixed at Mt = 173 GeV. From ‘36]. 



i.e., as large as ~ 50 tend to significantly enhance the 
supersymmetric contribution. For the same reason more 
moderate values of tan/3 would rapidly bring down the 
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FIG. 4. Dependence of the partial proton decay life¬ 
time r(p —> uK + ) arising from baryon and lepton num¬ 
ber violating dimension five operators on m h o. Top curve: 
m 1/2 = 4207 GeV, A 0 = 20823GeV, tan/3 = 7.3. Mid¬ 
dle: m 1 / 2 = 2035GeV, Aq = 16336GeV, tan/3 = 8, Bottom: 
mi /2 = 3048GeV, Ao/ma = —0.5, tan/3 = 6.5. For all cases 
M^/Mg = 50 where is the Higgs triplet mass. From 
[S3]. 


supersymmetric contribution. Thus a lack of a small 
deviation of the B s —> p + branching ratio from the 
Standard Model result is easily understood in the con¬ 
text of a large SUSY scale and a moderate value of tan/3. 

Further, a large SUSY scale helps stabilize the pro¬ 
ton against decays from the baryon and lepton number 
violating dimension five operators. This is so because 
proton decay via baryon and lepton number violating di¬ 
mension five operators involves dressing loop diagrams 
with sparticle exchanges. Very crudely the proton decay 
from these is proportional to m^/m^ where Xi is the 
chargino and the q is the squark. Thus a large sfermion 
mass will lead to a desirable suppression of proton decay 
and an enhancement of its lifetime. As indicated in the 
preceding discussion there is a strong correlation between 
the SUSY scale and the Higgs mass. This strong correla¬ 
tion also implies a strong correlation between the proton 
lifetime from dimension five operators and the Higgs bo¬ 
son mass. This correlation is illustrated in Fig. 4. The 
current data also puts a lower limit on the heavier Higgs 
boson mass (see, e.g., mm)- 

III. HIGGS BOSON MASS AND g fJ - 2 

While the Higgs boson mass of 126 GeV indicates a 
high SUSY scale in the TeV region, the Brookhaven ex¬ 
periment on — 2 points to a rather low SUSY scale. 
Thus the Brookhaven Experiment E821 [9| finds that 
a ii = — deviates from the Standard Model predic¬ 

tion mm at the 3 a level. Supposing that the entire 
deviation comes from a supersymmetric contribution one 
finds 

a® USY = 5a e * p = (287 ± 80) x 10 " 11 . (2) 

It has long been known that sizable contributions to 

— 2 can arise from the supersymmetric electroweak sec¬ 


tor [MT - fiTTI . These contributions arise from the x ± — 
and from the y°—p loops. While the detailed analysis is 
involved, a rough approximation of the supersymmetric 
correction is given by 


Sa^ ~ sgn(M 2 /x) (130 x 10 n ) ^ 10 ^ CV ^ tan^ , (3) 

where M s is the average SUSY scale that enters the 
loops. From Eq. ([3]) one finds that the average SUSY 
scale M s must be relatively small to make a contribution 
of the size given by Eq. §■ 

The above discussion points to an apparent tension 
between the SUSY scale indicated by the LHC measure¬ 
ment of the Higgs boson and the Brookhaven observation 
of a 3cr deviation. The following possibilities arise to 
reconcile the above two results. First it could be that the 
Higgs boson mass receives corrections from extra matter 
(see, e.g., [55] and the references there in). There is 
another possibility which is that the Higgs boson could 
receive D term contributions from an extra U( 1) which 
is present in many extensions of the Standard Model. In 
principle this would allow one to have a low SUSY scale. 
However, one must also fold in the fact that the LHC 
has not observed any sparticles thus far. Specifically this 
puts the squarks and the gluino masses in the TeV range. 

We discuss now a mechanism by which one can resolve 
the tension between the LHC result and the Brookhaven 
experiment. This can be accomplished by a minimal ex¬ 
tension of the supergravity model with universal bound¬ 
ary conditions. Thus suppose we consider a supergravity 
model with universal scalar mass and universal trilinear 
coupling but with non-universality in the gaugino sector. 
Specifically we consider the boundary conditions on soft 
parameters to be given by [62] 

m 0 , rhi/2, m 3 , A 0 , tan/3, sign(/r), (4) 


where Too << m 3 ,mi = m 2 = mi / 2 << m 3 . As an il¬ 
lustrative example we choose m 3 /m\ = 10. In this case 
the gluino mass enters in the RG evolution of the squarks 
and being the largest mass drives the RG evolution which 
results in radiative breaking of the electroweak symme¬ 
try (For a review see [63]). We label this model gSUGRA 
since REWSB is driven by the gluino mass. Specifically 
we exhibit the evolution of the masses of the third gen¬ 
eration squarks U, Q and the Higgs 7L 2 which form a 
coupled set due to the large Yukawa coupling as shown 
in Eq. 
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3cif2 m\ + a\m\ 
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ipci3m§ + 3a2?n| + 


(5) 


Here Y) = /i 2 /( 47 r 2 ) where /i t is the top Yukawa coupling 
and A t is the trilinear coupling in the top sector. Sup¬ 
pose m 3 is in the TeV range but mo,mi,m 2 = 0(100) 
GeV. In this case the RG evolution drives squarks to be¬ 
come heavy with masses in the several TeV region while 
the sleptons remain light. A numerical analysis of the 
RG evolution is given in Fig. [5] Here one finds that the 
evolution of sfermion masses which start with a univer¬ 
sal scalar mass at the GUT scale generates a significant 
split as the masses evolve towards the electroweak scale. 
Thus at the electroweak scale the squark masses lie in 
the several TeV region due to the large contributions of 
the gluino mass term in the RG evolution while the slep- 
ton masses do not receive large contributions from the 
gluino mass and remain relatively light. Further, since 
mi, m 2 << m 3 the electroweak gauginos all remain light. 
Thus one has a split scale SUSY which is not to be con¬ 
fused with the split SUSY model [51] , The spectrum of 
the split scale SUSY is exhibited in Fig. [ 6 ] The analy¬ 
sis Fig. [ 6 ] was done using a Bayesian statistical analysis 
(for other works using statistical approach see [65MT] 1. 
From the lower panel of Fig. [ 6 ] we see that the elec¬ 
troweak gauginos and Xi as well as the sleptons are 
all light. This light spectrum allows one to have sizable 
supersymmetric electroweak contributions to — 2. At 
the same time since the squarks are heavy as seen from 
the upper panel of Fig[ 6 ]the SUSY scale that enters in the 
loop correction to the Higgs boson is substantial which 
produces the desired size correction to the Higgs boson 
mass. For related works see [55HT2] . 



FIG. 5. An illustration of the evolution of sparticle masses in 
the gSUGRA model. The analysis shows that starting with 
a universal scalar mass at the GUT scale, the renormaliza¬ 
tion group evolution splits the squark masses from the slepton 
masses by huge amounts. From [62] . 
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FIG. 6. Top panel: An exhibition of the heavy sparticle spec¬ 
trum in the gSUGRA model. Bottom panel: An exhibition 
of the light sparticle spectrum in the pSUGRA model. From 

m- 


IV. HIGGS BOSON MASS AND REWSB 
GEOMETRY 


The Higgs boson at ~ 126 GeV and its implication that 
the SUSY scale is high has important implications for the 
geometry of radiative breaking of the electroweak sym¬ 
metry. It was pointed out long time ago that REWSB 
in general contains two main branches, the ellipsoidal 
branch (EB) and the hyperbolic branch (HB) [75H75] (For 
related works see [MTS]). To understand the relation¬ 
ship it is convenient to write the REWSB constraint that 


m 2 0 |Ci| + A(to 1 / 2 ,A 0 ,tan/3), 


determines fi 2 

in the f 


'+1 

(EB) \ 

M 2 = 

0 

(FP) 


1-1 

(HB)/ 


( 6 ) 

+1 : Euclidean geometry => EB of REWSB , (7) 

— 1 : Hyperbolic geometry => HB of REWSB , ( 8 ) 


where A is typically positive and where Ci is a function 
that depends only on tan /3, M t and the renormalization 
group scale Q but does not depend on mo, m 1 / 2 , Aq. The 
signs (±) in Eq. © are determined by the sign of C\(Q) 
with depends on the renormalization group scale Q. The 
RG scale Q is chosen so that the two loop correction 
to the scalar potential is minimized. Typically Q ~ M s 
where M s = ^m^rjVjT'. 
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Let us discuss now the implications of Eq. ([h]). First 
consider the case when C 1 = 0. In this case one finds 
that at the one loop level, /x 2 no longer depends on mo- 
Thus here mo can get large without affecting p. This is 
the focus point region (FP) [ 75 ]. However, a small \i can 
be gotten in other ways even when C\ is non-vanishing. 
Thus suppose C\ is non-vanishing and negative. In this 
case one can have cancellation between the C\ term and 
the A term so that p 2 is still small. In fact the curves 
of fixed /i 2 in the plane of two of the other parameters 
are hyperbolic curves or focal curves. An illustration is 
given in the upper panel of Fig. [7] An illustration of the 
focal surface region of the hyperbolic branch when one 
considers the 3-d region of mo, rri\ / 2 , Aq is given in the 
upper panel of Fig. [7] Finally suppose C\ is positive. 
In this case as mo gets large /x also gets large since A 
is typically positive. Thus the region of small /.i is not 
achieved in this case. This is the ellipsoidal branch (EB). 
In summary on EB a large mo implies a large fj,. On 
FP and on HB a small /x can be consistent with a large 
mo- Phenomenologically a small /x is desirable since it 
allows one to have all the EW gauginos in the sub TeV 
range. A small /x is also desirable for observation of dark 
matter. 




FIG. 7. Top panel: An illustration of the Focal Curve region 
of the hyperbolic branch. Bottom panel: An illustration of 
the Focal Surface region of the hyperbolic branch. From 22 • 


V. FINE TUNING 

The Higgs boson mass of 126 GeV and the large 
SUSY scale it implies raise the issue of naturalness and 


fine tuning which we address below (for a related work 
see [80]). It should be kept in mind, however, that the 
issue of what constitutes fine tuning is a rather subjec¬ 
tive one and depends in part on what phenomena are 
included in the analysis. Generally, fine tuning analyses 
include just the constraints of radiative breaking of the 
electroweak symmetry. However, it is not unreasonable 
to include other phenomena such as suppression of flavor 
changing neutral currents and CP violating effects [ST] 
and suppression of proton decay from dimension five 
operators [ 53 ] [ 52 ] within the framework of grand unified 
theories. As an illustration of how the fine tuning is af¬ 
fected by including more than just REWSB constraints, 
we consider a fine tuning analysis including two different 
phenomena, i.e., REWSB and proton stability. We will 
consider fine tuning for these two phenomena separately 
and then combine them to produce a composite fine 
tuning. 

Thus to define fine tuning for the REWSB one consid¬ 
ers the minimization of the scalar potential that deter¬ 
mines the Z -boson mass and one has 

-Mf = -/x 2 + \rriH u | 2 + • • • (9) 

Here one notices that as /x or | mn u | gets large, one needs 
a fine tuning to get the Z mass down to the experimental 
value. An obvious way to define fine tuning then is via 
the ratio F given by 


2|m g J 2 

Mf 


( 10 ) 


Eq. (101 indicates that low values of and thus low 
values of soft masses O(Mz) will lead to low values of 
fine tuning. 


However, low values of soft masses can create problems 
as they lead to large FCNC and CP violating effects. 
Further, low values of soft masses will in general lead 
to rapid proton decay from baryon and lepton number 
violating dimension five operators in unified models of 
particle interactions (for recent reviews see [881485] ). The 
fine tunings using FCNC and CP violating effects has 
been discussed specifically in m and here we focus on 
proton decay. Thus to get the proton lifetime prediction 
from baryon and lepton number violating dimension five 
operators to be consistent with the experimental upper 
limit onp-> vK + partial lifetime one needs a fine tuning 
of input parameters and in this case one may define fine 
tuning so that 


F p d = 


4 x 10 33 yr 
r(p —> DK+)yr 


( 11 ) 


As indicated in Section [TT] very roughly r(p -» DK + ) ~ 
C(m x ±/nifi Mfl/ )- 2 where is the Higgs triplet 

mass. Eq. (11) makes clear that larger squark masses 
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will lead to a larger proton lifetime and a smaller value 
of fine timing parameter F pc i . In general one may have 
several such fine tuning parameters where i takes on 
the values 1 • • • n. In this case a more appropriate object 
to consider is a composite fine tuning T defined by [53] 




( 12 ) 


An analysis of fine tunings defined by Eq. (101, Eq. 
and Eq. (12) is given in Fig. 8 of [53. Here the red re¬ 


gion indicates fine tuning when one considers just the ra¬ 
diative electroweak symmetry breaking. As expected the 
fine tuning increases with increasing mo. The blue region 
gives the fine tuning for the proton decay arising from di¬ 
mension five operators. As expected the fine-tuning here 
is a falling function of mo- The composite fine tuning 
defined via Eq. (12) is given by the black region. One 


finds that the overall fine tuning decreases with a large 
m o and thus a smaller fine tuning occurs at large mo- 
This result is in contrast to the conventional view that a 
small SUSY scale 0(Mz ) constitutes a small fine tuning. 
The analysis above shows that inclusion of flavor and pro¬ 
ton stability constraints argue for an overall larger SUSY 
scale. 


Pattern Label 

Mass Hierarchy 

% 

mSP[Cla] 

xt < X° < X°3 < X°4 

83.8 

mSP[Clb] 

xt<X 2 < X 3 < H° 

2.49 

mSP[rla] 

n < X° < xt < H° 

3.89 

mSP[Nla] 

X°2<xt< H° < A 0 

3.31 


TABLE I. A sample of sparticle mass hierarchies for 
mSUGRA, where xi is the LSP. The input at the GUT 
scale consists of mo £ [ 0 . 1 , 10 ]TeV, rrix /2 £ [0.1,1.5] TeV, 
4U £ [—5,5], tan/3 £ [2,50], p > 0, with the constraints 
Q,h 2 < 0.12, m h o > 120 GeV. Here and in Table II and Ta¬ 
ble III the last column gives the percentage with which the 
patterns appear in the scans. From ( 86 j . 


VI. HIGGS AND THE SPARTICLE 
LANDSCAPE 

It has been demonstrated in several previous 
works that sparticle mass hierarchies can be used as 
discriminants of the underlying models of SUSY break¬ 
ing [871492] . However, the landscape of mass hierarchies 
is large. Thus there are 31 additional particles beyond 
the spectrum of the Standard Model and there are a 
priori 31! ways in which these particles can hierarchi¬ 
cally arrange themselves. Using Sterling’s formulae, i.e.. 
n\ ~ \f2nn (n/e) n , one finds that n = 31 gives ~ 8x 10 33 
possibilities. Actually the possible landscape of sparticle 


Pattern Label 

Mass Hierarchy 

% 

nuSP 2 [Cla] 

xt 

< 

x°2 

< 

X° 3 <xl 

35.71 

nuSP 2 [Clb] 

xt 

< 

X °2 

< 

xl<xt 

14.57 

nuSP 2 [C2a] 

xt 

< 

x°2 

< 

71 < I'r 

12.25 

nuSP 2 [C3a] 

xt 

< 

x° 

< 

A 

X 

wo 

6.237 

nuSP 2 [C3b] 

xt 

< 

x° 

< 

9 <ti 

4.820 

nuSP 2 [C4a] 

xt 

< 

x° 

< 

O 

V 

0 

H) 

2.767 

nuSP 2 [C5b] 

xt 

< 

x°2 

< 

ti < n 

2.746 

nuSP 2 [Nla] 

x°2 

< 

xt 

< 

A 

X 

wo 

2.246 


TABLE II. A sample of sparticle mass hierarchies for the non- 
universal SUGRA (nuSUGRA) model with a light chargino. 
The high scale parameters lie in the range mo £ [0.1,10] TeV, 
Mi = M 3 = fhi /2 £ [0.1,1.5] TeV, M 2 = arhi/ 2 , a £ [|,1], 
£ [—5,5], tan/3 £ [2,50], p > 0, with the constraints 
flh 2 < 0 . 12 , m h 0 > 120 GeV. From [SB] 


mass hierarchies is even larger since the mass gaps 
among the sparticle masses can vary continuously which 
makes the allowed sparticle landscape even larger than 
the string landscape of ~ 10 5O ° string vacua. Truncated 
hierarchies (e.g., n=3,4) are much smaller and one can 
generate a list of simplified models from these. In pre¬ 
vious works an analysis of the sparticle mass hierarchies 
was carried out where the experimental lower limits of 
the Higgs mass constraint given by LEP II was used. 
The observation of the Higgs boson mass at ~ 126 GeV 
imposes a much more severe constraint and one might 
ask what the set of allowed mass hierarchies is in this 
case. A full analysis of this issue is given in |86| where 
the implications for the mSUGRA case as well as for 
the SUGRA models with non-universalities (nuSUGRA) 
are investigated [The literature on non-universalities 
in supergravity models is extensive. For a sample see 
[9314107] and for a review see |108l ]. Here we give a brief 
description of the main results. 

The analysis of mass hierarchies under the Higgs 
boson mass constraint for the mSUGRA model is given 
in Table 1 where we display only those mass hierarchies 
which have a frequency of occurrences larger than 2%. 
The sequence xt < X2 < X3 < X4 implies that the 
mass of Xi is smaller than the mass of X 2 > the mass of 
X 2 is smaller than the mass of y 3 and so on. Here the 
constrain on the relic density of flh 2 < 0.12, and on the 
Higgs boson mass of m h 0 > 120 GeV were imposed. A 
similar analysis for the non-universal supergravity mod¬ 
els with non-universality in the SU( 2)l gaugino masses 
is displayed in Table 2, while the analysis with non¬ 
universality in the gluino masses is displayed in Table III. 

One may note that the so called simplified mod¬ 
els jlOOlIl 16] can be generated from the analysis of UV 






















7 


Pattern Label 

Mass Hierarchy 

% 

nuSP 3 [Cla] 

xt < x° < x 3 < x° 

63.273 

nuSP 3 [Clb] 

xt <X°<X°<9 

10.263 

nuSP 3 [Clc] 

xt < x° < x 3 < R° 

4.587 

nuSP 3 [Cld] 

xt < x° < x 3 < n 

4.243 

nuSP 3 [Cle] 

xt < x° < X 3 < ti 

4.549 

nuSP 3 [gla] 

9 <X°<xt <X° 

3.940 

nuSP 3 [glb] 

9 <X°<xt < *1 

3.031 


TABLE III. A sample of sparticle mass hierarchies for the 
nuSUGRA model with a light gluino. The high scale pa¬ 
rameters lie in the range mo £ [0.1,10]TeV, = M 2 = 

m 1/2 £ [0.1,1.5] TeV, M 3 = am 1Ja , a £ [1,1], ^ £ [-5,5], 
tan/? £ [2,50], /r > 0, with the constraints f Vi 2 < 0.12, 
m h 0 > 120 GeV. From [56] . 


mSP [C3] mSP[rl] mSP[-r4j 

9 X* 


X* n n 


FIG. 8. An illustration of three simplified models that arise 
from truncation of UV complete models. From [86] . 


complete models presented in Tables I-III and those dis¬ 
cussed in [ 85] by a truncation. Thus a truncation of 
SUGRA GUTs keeping a few lowest mass particles gen¬ 
erates a large number of simplified models. An illustra¬ 
tion is given in Fig. [8] where three simplified models are 
shown that arise from UV complete models under the 
Higgs boson mass constraint and under the relic density 
constraint. Currently many experimental analyses are 
being done using simplified models. However, it should 
be kept in mind that these models are only truncations of 
the more complete models which should be used for com¬ 
parison with the underlying theory that generates these 
mass hierarchies. 


VII. HIGGS AND DARK MATTER 


The Higgs boson mass constraint also has significant 
implications for dark matter detection (for a related 
work see PC])- An analysis of the spin independent 
neutralino-proton cross section R x cr® I ~o, where R = 

(fl/i 2 ) theory /(Uh 2 )wmap , as a function of the neutralino 


mass is given in Fig. [9] where the parameter points are 
colored according to the Higgs boson mass in the mass 
range 120 GeV -129 GeV. Here the deep blue corresponds 
to the smallest and the deep red to the largest Higgs bo¬ 
son mass. One may notice that most of the parameter 
points with the Higgs mass in the vicinity of the values 
measured by the ATLAS and CMS experiments lie be¬ 
low the current lower limit of the LUX experiment [118] . 
The analysis further shows that future dark matter ex¬ 
periments such as XENON1T [119] will be able to explore 
a large part of the parameter space consistent with the 
measured Higgs boson mass. 


mSUGRA 




m x 0 (GeV) 


FIG. 9. An exhibition of the spin independent neutralino- 
proton cross section R x c SI 0 vs the neutralino mass for 

PjXi 

mSUGRA where the colors exhibit the Higgs boson mass. 
From [SB]. 


VIII. FUTURE PROSPECTS 

In view of the TeV size SUSY scale indicated by the 
Higgs boson mass, LHC RUNII, which will likely operate 
at ^/s 1 = 13 TeV, has a better chance of observing 
sparticles than LHC7+8, at least those sparticles which 
are low lying. These low lying sparticles are mostly 
uncolored particles, and in addition the gluino and the 
lightest squarks are also possible candidates for discover. 
Recent analyses have shown that LHC RUN II could 
observe gluinos up to ~ 2 TeV [120] 1121] and the CP 
odd Higgs up to around a TeV 1122] . Further hints of 
new physics beyond the Standard Model can come from 
precision measurement of the Higgs boson couplings to 
fermions at the International Linear Collider, a high 
energy e“*"e” machine which can measure most of the 
Higgs-fermion couplings to an accuracy of up to 5% 
[123] . For the direct observation of heavier sparticles one 
will require a hadron collider with much larger energies 
than those at LHC RUNII, such as a 100 TeV hadron 
collider. Analyses indicate that such a machine could 
detect a gluino up to as much as ~ 10 TeV as indicated 
by simulations based on simplified models m- 










































FIG. 10. An illustration of the probe of high SUSY scales 
using the electron EDM. The plot exhibits the electron 
EDM as a function of mo for different values of the phase 
of the Higgs mixing parameter fj,. The curves are 
for the cases = —3 (small-dashed, red), a p = —0.5 
(solid), a M = 1 (medium-dashed, orange), and = 2.5 
(long-dashed, green). The other parameters are |/x| = 4.1 x 
10 2 , |Mi| = 2.8 x 10_ 2 , |M 2 1 = 3.4 x 10 2 , \A e \ = 3 x 
10 6 , mJJ = 4 x 10 6 , \Aq\ = 5 x 10 6 , tan/3 = 30 . All masses 
are in GeV, phases in rad and EDM in ecm.The analysis 
shows that improvements in the electron EDM constraint 
can probe scalar masses in the 100 TeV- 1 PeV region and 
beyond. The top horizontal line is the current experimental 
limit from the ACME Collaboration 1 1241 . From [1251 . 


Further precision experiments can allow one to probe 
even higher SUSY mass scales. [125H129] . One example 
is to use EDMs as a probe of high SUSY scales. Thus 
the electron EDM is most stringently constrained by the 
ACME Collaboration II24] which gives 

|d e | < 8.7 x 1CT 29 ecm . (13) 

Fig. [lO] exhibits the dependence of the electron EDM 
on mo for a number of CP phases of the Higgs mixing 
parameter. The electron EDM limit is likely to improve 
by an order of magnitude in the coming years and thus 
the future EDM measurements will allow one to extend 
the probe of new physics up to a PeV or more as shown 
in Fig. |10| One can also use the precision measurement 
of g — 2 of the electron as a sensitive probe of new 
physics 130 . II1511. 

In summary the discovery of the Higgs boson and 
the measurement of its mass at ~ 126 GeV has very 
significant implications for new physics beyond the 
Standard Model. The fact that a 126 GeV Higgs boson 
mass in the framework of the Standard Model makes the 


vacuum unstable provides yet another reason why new 
physics beyond the Standard Model must exist. The 
most promising candidate for such physics is supersym¬ 
metry. Specifically within the concrete framework of 
supergravity grand unification one finds that the Higgs 
boson mass is predicted to lie below ~ 130 GeV. The fact 
that the observed Higgs boson mass respects this bound 
is a significant support for SUGRA GUT. Further, the 
Higgs boson mass of ~ 126 GeV requires the average 
SUSY scale to be high, i.e., in the TeV region. This high 
scale explains why we have seen no significant deviation 
from the Standard Model prediction in FCNC processes 
such as b —l sy and B s —> p + p~ ■ Further, the same high 
SUSY scale explains the non-observation of sparticles in 
y/s = 7 TeV and yTT = 8 TeV data at RUN I of the LHC. 

As discussed in Section [TTT| one important issue pertains 
to the Brookhaven experiment which sees a 3cr deviation 
in < 7 ^ — 2 from the Standard Model prediction. This effect 
is difficult to understand within the supergravity model 
with universal boundary conditions. However, it is not 
difficult to explain the observed phenomenon within su¬ 
pergravity unified models with non-universal boundary 
conditions. Here it is possible to have light electroweak 
gauginos and light sleptons while the squarks are heavy. 
In this case one can explain the Brookhaven g^ — 2 result 
as well as achieve a Higgs boson mass consistent with 
experiment. The discovery of the Higgs boson mass is 
important not only because one has found the last miss¬ 
ing piece of the Standard Model but also because it is 
likely the first piece of a new class of models such as 
supersymmetric models which require the existence of a 
whole new set of particles. It is hoped that LHC RUN II 
will reveal some of these. 
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